To provide fundamental information on the control of rare earth inclusions in solid steel, two 18 mass% Cr-8 mass% Ni stainless steels with different yttrium additions were prepared using an electric resistance furnace and the evolution of yttrium-based oxide inclusions during heat treatment of the steels at 1473 K was investigated. In both as-cast steels, homogeneous spherical Al-Y-Si(-Mn-Cr) oxide inclusions were observed; however, the steel with larger yttrium additions also had some heterogeneous oxide inclusions with double phases. After heating, a new oxide phase with higher yttrium content precipitated from the original inclusions and resulted in partitioning to Y-rich and Al-rich parts in both steels. The average size and number density of inclusions slightly increased, and the morphology of inclusions changed from spherical to irregular. The transformation mechanism during isothermal heating was proposed to be the mutual effects of (i) internal transformation of the yttrium-based inclusions owing to crystallization of glassy oxide and (ii) interfacial reaction between inclusions and the steel matrix.
Introduction
With the increasing demand for high-performance stainless steel, rare earth metals (REM), such as cerium, lanthanum, and yttrium, have been extensively applied in the steel manufacturing process. It has been reported that the addition of REM to stainless steel can significantly improve its corrosion resistance and mechanical properties such as strength, hot ductility, toughness, and oxidation resistance [1] [2] [3] [4] [5] . There are three main functions for REM in steel: modifying inclusions, deeply purifying molten steel, and alloying [6] . Among them, modifying inclusions is an extremely important one due to the close relationship between steel properties and the characteristics of inclusions in steel.
The influence of different REM on the behavior of inclusions at steelmaking temperature has been well investigated [7] [8] [9] [10] [11] [12] . Dan et al. [7] studied the deoxidation characteristic of Al-Ce and Al-Y complex deoxidizers in molten iron. Compared with deoxidation of Al alone, lower deoxidation rates and higher oxygen content were observed after Al-Ce and Al-Y addition. The higher specific density of rare earth oxide inclusions compared to Al 2 O 3 inclusions was considered to be the main reason for reducing the flotation of inclusions from the melt. With increasing cerium or yttrium content, the
Materials and Methods

Preparation of Stainless Steel
Two steels referred to as #1 and #2 with different yttrium contents were prepared by the following procedure: A 180 g specimen from as-received 304 stainless steel was melted in an Al 2 O 3 crucible (diameter: 35 mm, height: 70 mm) and placed in a Si-Mo electric resistance furnace under high-purity argon gas (>99.999%, flow rate: 0.3 m 3 /h). After melting at 1873 K for 15 min, 0.02 g or 0.06 g Fe-65 mass% Y alloy wrapped by pure iron foil was added into the melt by a molybdenum rod, followed by stirring for 10 s to guarantee uniform composition of the molten steel. After 10 min of holding, the crucible was taken out and quenched by ice water. Chemical composition of Mn, Si, Al, and Y was Metals 2019, 9, 961 3 of 15 determined by inductively coupled plasma optical emission spectrometry (ICP-OES) and total oxygen content (T.O.) was determined by inert gas fusion. Table 1 shows the composition of the Y-added stainless steels. 
Isothermal Heating
Several cylindrical samples (diameter: 8 mm, height: 15 mm) were machined from each quenched steel and divided into two groups: as-cast and heat-treated. In order to study the evolution of non-metallic inclusions during heat treatment, the samples were heated in a horizontal electric resistance furnace for 0.5, 1, and 2 h at 1473 K, respectively. A Pt 30% Rh-Pt 6% Rh thermocouple was employed to determine the constant temperature zone of the heating furnace. The temperature deviation was controlled in the range of ±5 K during heat treatment, and high purity argon gas (>99.999%, flow rate: 0.2 m 3 /h) was introduced to prevent oxidation of samples. After heating, the samples were taken out quickly and quenched by water.
Inclusion Characterization
The quenched as-cast and heat-treated samples were machined to expose the vertical section, and then ground by SiC paper and polished by diamond suspensions up to 0.1 µm. A scanning electron microscope equipped with energy-dispersive spectrometry (SEM-EDS, Phenom ProX, Holland) was used to characterize the non-metallic inclusions. At least 50 inclusions were characterized for each sample. In addition, about 40 to 45 optical images were taken from each steel sample under ×1500 magnification, and the size distribution of inclusions was analyzed in 0.96 mm 2 by Image Pro-Plus 6.0 Software.
Results
Characterization of Inclusions in the As-Cast Steels
In this study, the atomic concentrations of Y, Al, Si, Mn, Cr, and O in inclusions were determined by energy-dispersive spectrometry (EDS). Based on the conservation of atoms, the molar fraction of each component in the Y 2 O 3 -Al 2 O 3 -SiO 2 -MnO-Cr 2 O 3 system was calculated. Figure 1 shows the morphology and composition of typical inclusions in as-cast steels. Homogeneous oxide inclusions consisting of 34Al 2 O 3 -27SiO 2 -19Y 2 O 3 -14MnO-7Cr 2 O 3 (mol%) were observed in as-cast steel #1. The composition distribution of inclusions was plotted on the Y 2 O 3 -Al 2 O 3 -(SiO 2 + MnO + Cr 2 O 3 ) ternary diagram, as shown in Figure 2a . Two kinds of oxide inclusions were found in as-cast steel #2 treated by higher yttrium addition: heterogeneous inclusions with two phases (black phase and white phase) and homogeneous ones. As illustrated in Figure 2b , the composition of the black phase in heterogeneous inclusions was similar to that of the homogeneous ones in steel #2, while higher Y 2 O 3 content was detected in the white phase of the heterogeneous inclusions. In both as-cast steels, #1 and #2, the oxide inclusions were spherical, indicating the formation of a liquid phase at steelmaking temperature. Metals 2019, 9, The size distribution of inclusions in steel #1 and #2 is presented in Figure 3 . Similar trends were observed in both steels. Most of the oxide inclusions were smaller than 3 μm, and the fractions of the inclusions with 1.0-1.5 μm and 1.5-2.0 μm diameters were approximately 60% and 25%, respectively. The same results were also found in the studies of cerium-treated stainless steel [7, 8] , indicating that fine inclusions are easier to form in REM-treated melt. The size distribution of inclusions in steel #1 and #2 is presented in Figure 3 . Similar trends were observed in both steels. Most of the oxide inclusions were smaller than 3 μm, and the fractions of the inclusions with 1.0-1.5 μm and 1.5-2.0 μm diameters were approximately 60% and 25%, respectively. The same results were also found in the studies of cerium-treated stainless steel [7, 8] , indicating that fine inclusions are easier to form in REM-treated melt. The size distribution of inclusions in steel #1 and #2 is presented in Figure 3 . Similar trends were observed in both steels. Most of the oxide inclusions were smaller than 3 µm, and the fractions of the inclusions with 1.0-1.5 µm and 1.5-2.0 µm diameters were approximately 60% and 25%, respectively. The same results were also found in the studies of cerium-treated stainless steel [7, 8] , indicating that fine inclusions are easier to form in REM-treated melt. Figure 4 shows the morphology of typical oxide inclusions in steel #1 after isothermal heating at 1473 K. It was found that the homogeneous oxide inclusions changed to heterogeneous ones after heat treatment. Instead of the oxide inclusions with a single black phase, a new gray phase with higher Y2O3 content precipitated on the inclusions. The shape of inclusions also changed from spherical to irregular.
Transformation of Oxide Inclusions during Isothermal Heating
A similar transformation was observed in steel #2 (see Figure 5 ). The change in the original heterogeneous inclusions is shown in Figure 5a -c. The white phase in the inclusions looked stable during heating, while the black phase was partially substituted by a newly-precipitated gray phase, and the shape of inclusions changed to irregular. Figure 5d -f shows the transformation of homogeneous inclusions in steel #2. Most of the part of the black phase in the oxide inclusions changed to a gray phase after heating, and only a small amount of black phase was left on the edge of the inclusions. With increasing heating time from 0.5 to 2 h, more oxide inclusions containing white phase were found, which may indicate that part of the newly formed gray phase changed to the white phase during heating. Figure 4 shows the morphology of typical oxide inclusions in steel #1 after isothermal heating at 1473 K. It was found that the homogeneous oxide inclusions changed to heterogeneous ones after heat treatment. Instead of the oxide inclusions with a single black phase, a new gray phase with higher Y 2 O 3 content precipitated on the inclusions. The shape of inclusions also changed from spherical to irregular.
A similar transformation was observed in steel #2 (see Figure 5 ). The change in the original heterogeneous inclusions is shown in Figure 5a -c. The white phase in the inclusions looked stable during heating, while the black phase was partially substituted by a newly-precipitated gray phase, and the shape of inclusions changed to irregular. Figure 5d -f shows the transformation of homogeneous inclusions in steel #2. Most of the part of the black phase in the oxide inclusions changed to a gray phase after heating, and only a small amount of black phase was left on the edge of the inclusions. With increasing heating time from 0.5 to 2 h, more oxide inclusions containing white phase were found, which may indicate that part of the newly formed gray phase changed to the white phase during heating. Figure 4 shows the morphology of typical oxide inclusions in steel #1 after isothermal heating at 1473 K. It was found that the homogeneous oxide inclusions changed to heterogeneous ones after heat treatment. Instead of the oxide inclusions with a single black phase, a new gray phase with higher Y2O3 content precipitated on the inclusions. The shape of inclusions also changed from spherical to irregular.
A similar transformation was observed in steel #2 (see Figure 5 ). The change in the original heterogeneous inclusions is shown in Figure 5a -c. The white phase in the inclusions looked stable during heating, while the black phase was partially substituted by a newly-precipitated gray phase, and the shape of inclusions changed to irregular. Figure 5d -f shows the transformation of homogeneous inclusions in steel #2. Most of the part of the black phase in the oxide inclusions changed to a gray phase after heating, and only a small amount of black phase was left on the edge of the inclusions. With increasing heating time from 0.5 to 2 h, more oxide inclusions containing white phase were found, which may indicate that part of the newly formed gray phase changed to the white phase during heating. In order to get more detailed information about the heterogeneous inclusions formed during heat treatment, mapping analysis of the typical oxide inclusion in heated steels was done, as illustrated in Figure 6 . It can be seen that the gray part of the oxide inclusion corresponded to the Yrich phase and the black area depicted the Al-rich phase. The heterogeneous oxide inclusion in heated steels was also analyzed by a scanning line, as seen in Figure 7 . It is worth noting that the Al, Y, and O concentration gradients existed within the Y-rich part of the inclusion with a width of approximately 1.2 µm observed. In order to get more detailed information about the heterogeneous inclusions formed during heat treatment, mapping analysis of the typical oxide inclusion in heated steels was done, as illustrated in Figure 6 . It can be seen that the gray part of the oxide inclusion corresponded to the Y-rich phase and the black area depicted the Al-rich phase. The heterogeneous oxide inclusion in heated steels was also analyzed by a scanning line, as seen in Figure 7 . It is worth noting that the Al, Y, and O concentration gradients existed within the Y-rich part of the inclusion with a width of approximately 1.2 µm observed. In order to get more detailed information about the heterogeneous inclusions formed during heat treatment, mapping analysis of the typical oxide inclusion in heated steels was done, as illustrated in Figure 6 . It can be seen that the gray part of the oxide inclusion corresponded to the Yrich phase and the black area depicted the Al-rich phase. The heterogeneous oxide inclusion in heated steels was also analyzed by a scanning line, as seen in Figure 7 . It is worth noting that the Al, Y, and O concentration gradients existed within the Y-rich part of the inclusion with a width of approximately 1.2 µm observed. As mentioned above, the composition of the oxide inclusions changed after heating at 1473 K. Figure 8 shows the change in the composition of inclusions from as-cast condition compared to after heating for 2 h. In heated steel #1 (Figure 8a ), Y2O3 content in the gray phase of inclusions became higher compared to that in as-cast condition, and the Y/Al ratio increased from 0.56 to 1.37, while the Y2O3 content in the residual black phase was reduced, and the Y/Al ratio decreased to 0.26.
In heated steel #2 (Figure 8b ), there was no noticeable change in the composition of the white phase in heterogeneous inclusions after heating for 2 h, while similar transformation to that found in steel #1 was also observed for the initially homogeneous inclusions (black phase). The Y/Al ratio of inclusions increased from 0.53 to 0.93, causing the transformation of the black phase to the gray phase. Meanwhile, a little residual black phase with a lower Y/Al ratio was also observed. As mentioned above, the composition of the oxide inclusions changed after heating at 1473 K. Figure 8 shows the change in the composition of inclusions from as-cast condition compared to after heating for 2 h. In heated steel #1 (Figure 8a ), Y 2 O 3 content in the gray phase of inclusions became higher compared to that in as-cast condition, and the Y/Al ratio increased from 0.56 to 1.37, while the Y 2 O 3 content in the residual black phase was reduced, and the Y/Al ratio decreased to 0.26.
In heated steel #2 (Figure 8b ), there was no noticeable change in the composition of the white phase in heterogeneous inclusions after heating for 2 h, while similar transformation to that found in steel #1 was also observed for the initially homogeneous inclusions (black phase). The Y/Al ratio of inclusions increased from 0.53 to 0.93, causing the transformation of the black phase to the gray phase. Meanwhile, a little residual black phase with a lower Y/Al ratio was also observed. As mentioned above, the composition of the oxide inclusions changed after heating at 1473 K. Figure 8 shows the change in the composition of inclusions from as-cast condition compared to after heating for 2 h. In heated steel #1 (Figure 8a ), Y2O3 content in the gray phase of inclusions became higher compared to that in as-cast condition, and the Y/Al ratio increased from 0.56 to 1.37, while the Y2O3 content in the residual black phase was reduced, and the Y/Al ratio decreased to 0.26.
In heated steel #2 (Figure 8b) , there was no noticeable change in the composition of the white phase in heterogeneous inclusions after heating for 2 h, while similar transformation to that found in steel #1 was also observed for the initially homogeneous inclusions (black phase). The Y/Al ratio of inclusions increased from 0.53 to 0.93, causing the transformation of the black phase to the gray phase. Meanwhile, a little residual black phase with a lower Y/Al ratio was also observed. Figure 9 shows the variation of the composition of oxide inclusions in steel #1 with heating time. The Y 2 O 3 content in the oxide inclusions increased from 18% to 25% and the Al 2 O 3 content decreased from 34% to 26% after heating for 0.5 h (see Figure 9a ), which resulted in the formation of a new gray phase (Y-rich part) in inclusions. With increasing heating time, the contents of Y 2 O 3 and Al 2 O 3 in the gray phase gradually increased and decreased, respectively. However, the contents of SiO 2 , MnO, and Cr 2 O 3 in the gray phase did not obviously change during heating.
The composition of the residual black phase (Al-rich part) in oxide inclusions was also analyzed after heating (see Figure 9b ). The Y 2 O 3 content in the black phase was reduced from 18% to 10% after heating for 0.5 h. The Al 2 O 3 content slightly increased from 34% to approximately 39%. In addition, due to the interfacial reaction between oxide inclusions and steel matrix during heating [16, 17] , a distinct change in the contents of SiO 2 , MnO, and Cr 2 O 3 was also observed: SiO 2 content decreased from 28% to 12% and MnO and Cr 2 O 3 contents increased from 9% and 6% to 30% and 15%, respectively. With increasing heating time from 0.5 to 2 h, there was no significant change in the composition of the black phase inclusions.
Metals 2019, 9, x FOR PEER REVIEW 8 of 15 Figure 9 shows the variation of the composition of oxide inclusions in steel #1 with heating time. The Y2O3 content in the oxide inclusions increased from 18% to 25% and the Al2O3 content decreased from 34% to 26% after heating for 0.5 h (see Figure 9a ), which resulted in the formation of a new gray phase (Y-rich part) in inclusions. With increasing heating time, the contents of Y2O3 and Al2O3 in the gray phase gradually increased and decreased, respectively. However, the contents of SiO2, MnO, and Cr2O3 in the gray phase did not obviously change during heating.
The composition of the residual black phase (Al-rich part) in oxide inclusions was also analyzed after heating (see Figure 9b ). The Y2O3 content in the black phase was reduced from 18% to 10% after heating for 0.5 h. The Al2O3 content slightly increased from 34% to approximately 39%. In addition, due to the interfacial reaction between oxide inclusions and steel matrix during heating [16, 17] , a distinct change in the contents of SiO2, MnO, and Cr2O3 was also observed: SiO2 content decreased from 28% to 12% and MnO and Cr2O3 contents increased from 9% and 6% to 30% and 15%, respectively. With increasing heating time from 0.5 to 2 h, there was no significant change in the composition of the black phase inclusions. Figure 10 shows the change in the composition of oxide inclusions in steel #2 during heating. In as-cast condition, this steel had two types of inclusions: homogeneous (black phase) and heterogeneous with the Y-rich white phase, as illustrated in Figure 1b ,c. During heating, the part of the homogeneous black phase in inclusions was changed to two phases: residual black phase (Al-rich part) and gray phase (Y-rich part). The amount of Al 2 O 3 component in the gray phase was depleted during the heat treatment and then the Y-rich part was formed. This transformation was similar to that observed in steel #1. The contents of Al 2 O 3 and Y 2 O 3 in the newly formed gray phase decreased and increased, respectively, after heating (Figure 10a ). During this depletion, the Al 2 O 3 content in the residual black phase slightly increased, but the Y 2 O 3 content decreased (Figure 10b ). However, it was found that the composition of the white phase originally presented in heterogeneous particles didn't change during heating (Figure 10c ). Metals 2019, 9, x FOR PEER REVIEW 9 of 15 that observed in steel #1. The contents of Al2O3 and Y2O3 in the newly formed gray phase decreased and increased, respectively, after heating (Figure 10a ). During this depletion, the Al2O3 content in the residual black phase slightly increased, but the Y2O3 content decreased (Figure 10b ). However, it was found that the composition of the white phase originally presented in heterogeneous particles didn't change during heating (Figure 10c ). The fraction of inclusion families containing different phases in steel #2 is shown in Figure 11 . The fraction of inclusions containing the black phase was significantly reduced from 100% to 20% after heating, owing to the change of as-cast oxide inclusions from the black phase to the gray phase. The fraction of inclusions containing the gray phase first increased to 98%, then slightly decreased. However inclusions containing the white phase, gradually increased from 70% to 90% during heating, which may indicate that the transformation of inclusions from the gray phase to the white phase happened. The fraction of inclusion families containing different phases in steel #2 is shown in Figure 11 . The fraction of inclusions containing the black phase was significantly reduced from 100% to 20% after heating, owing to the change of as-cast oxide inclusions from the black phase to the gray phase. The fraction of inclusions containing the gray phase first increased to 98%, then slightly decreased. However inclusions containing the white phase, gradually increased from 70% to 90% during heating, which may indicate that the transformation of inclusions from the gray phase to the white phase happened. The fraction of inclusion families containing different phases in steel #2 is shown in Figure 11 . The fraction of inclusions containing the black phase was significantly reduced from 100% to 20% after heating, owing to the change of as-cast oxide inclusions from the black phase to the gray phase. The fraction of inclusions containing the gray phase first increased to 98%, then slightly decreased. However inclusions containing the white phase, gradually increased from 70% to 90% during heating, which may indicate that the transformation of inclusions from the gray phase to the white phase happened. Figure 12 illustrates the size distribution of inclusions in steels #1 and #2 after heating. The size of most oxide inclusions was still less than 3 µm. Compared with the size distribution of inclusions in as-cast steels, the fraction of inclusions with 1.0-1.5 µm diameter was reduced from 60% to about 50% after heating, while the fraction of inclusions with larger size (≥2.0 µm in steel #1, and ≥1.5 µm in steel #2) slightly increased. Figure 13 shows the change in the average size and number density of inclusions during heating. At least one hundred inclusions were analyzed in each sample, and the maximum diameter of inclusion was used to represent the size of one particle. During heating, the average size of oxide inclusions in both steels increased from 1.5 to 1.7 µm. The number density of inclusions in both steels #1 and #2 also slightly increased from 278/mm 2 and 367/mm 2 to 289/mm 2 and 416/mm 2 , respectively, after heating for 2 h. By comparing the number density of inclusions in steels #1 and #2, it was easy to find that there were more inclusions in steel #2, which indicated more rare earth oxide inclusions formed in the steel with higher yttrium addition. Figure 12 illustrates the size distribution of inclusions in steels #1 and #2 after heating. The size of most oxide inclusions was still less than 3 μm. Compared with the size distribution of inclusions in as-cast steels, the fraction of inclusions with 1.0-1.5 μm diameter was reduced from 60% to about 50% after heating, while the fraction of inclusions with larger size (≥2.0 μm in steel #1, and ≥1.5 μm in steel #2) slightly increased. Figure 13 shows the change in the average size and number density of inclusions during heating. At least one hundred inclusions were analyzed in each sample, and the maximum diameter of inclusion was used to represent the size of one particle. During heating, the average size of oxide inclusions in both steels increased from 1.5 to 1.7 μm. The number density of inclusions in both steels #1 and #2 also slightly increased from 278/mm 2 and 367/mm 2 to 289/mm 2 and 416/mm 2 , respectively, after heating for 2 h. By comparing the number density of inclusions in steels #1 and #2, it was easy to find that there were more inclusions in steel #2, which indicated more rare earth oxide inclusions formed in the steel with higher yttrium addition. 
Discussion
Due to the high cooling rate, the inclusions in as-cast specimens can be considered as the same as those in molten steel. As shown in Figure 1 , homogeneous spherical Al-Y-Si(-Mn-Cr) oxide inclusions were observed in both as-cast steels. At the same time, some heterogeneous globular oxide inclusions with Y-rich phase were also found in as-cast steel #2 owing to the more substantial yttrium addition. The inclusions in the two as-cast specimens were fine, and the size of most inclusions were
Due to the high cooling rate, the inclusions in as-cast specimens can be considered as the same as those in molten steel. As shown in Figure 1 , homogeneous spherical Al-Y-Si(-Mn-Cr) oxide inclusions were observed in both as-cast steels. At the same time, some heterogeneous globular oxide inclusions with Y-rich phase were also found in as-cast steel #2 owing to the more substantial yttrium addition. The inclusions in the two as-cast specimens were fine, and the size of most inclusions were smaller than 3 µm. After isothermal heating at 1473 K, a gray phase with higher yttrium content precipitated from the original inclusions in both steels #1 and #2, resulting in the separation of inclusions to Y-rich and Al-rich parts as illustrated in Figure 4 . Moreover, the shape of inclusions also changed from spherical to irregular. The comparison of the size distribution of inclusions in as-cast and heated steels showed that more inclusions with larger size were present after heating (see Figure 12 ), and the number density of inclusions also slightly increased (see Figure 13 ). This may indicate an increase in the total volume of inclusions in steel after heat treatment.
Based on the experimental results mentioned above, the transformation mechanisms of the yttrium-based oxide inclusions during heat treatment were proposed to be mutual effects of (i) internal transformation of inclusions and (ii) interfacial reaction between inclusions and steel matrix.
Internal Transformation of Inclusions
Many studies on the phase equilibrium, phase separation, and crystallization behavior of the Al 2 O 3 -Y 2 O 3 -SiO 2 system under long heat-treatment conditions (from room temperature to 1350 • C) have been reported [27] [28] [29] [30] [31] [32] . The phase separation as an early stage of crystallization was observed during heat treatment of the glassy system [27] and the two phases of Y 2 O 3 -SiO 2 and Al 2 O 3 -SiO 2 precipitated from the Al 2 O 3 -Y 2 O 3 -SiO 2 system due to the diffusion of Al 3+ and O 2− during heat treatment [29, 32] .
Therefore, in this study, the transformation of yttrium-based oxide during heating at 1473 K was supposed to involve the internal transformation of inclusions caused by the crystallization of the oxide from glassy state. The schematic of the transformation mechanism of yttrium-based oxide inclusions is shown in Figure 14 . During heat treatment at 1473 K, the Al 3+ and O 2− in the Al-Y-Si(-Mn-Cr) oxide diffused from the inside to the surface of the inclusion and precipitated through heterogeneous nucleation, resulting in the formation of an Al-rich part (black phase) around the inclusion and the precipitation of a Y-rich part (gray phase) in the core of the inclusion (see Figure 5 ). Therefore, Al and O concentration gradients were observed in the Y-rich part of the oxide particle, as seen in Figure 7 .
There are three kinds of compounds for yttrium aluminum double oxides: Y 3 Al 5 O 12 (yttrium aluminum garnet, YAG), YAlO 3 (yttrium aluminum perovskite, YAP), and Y 4 Al 2 O 9 (yttrium aluminum monoclinic, YAM) [33, 34] . As illustrated in Figure 8 , the Y/Al ratio of the inclusions changed from 0.6 to around 1.0 (Y-rich part, gray phase) and 0.3 (Al-rich part, black phase) after heating. It is speculated that the yttrium-based oxide inclusions probably transformed from the Y 3 Al 5 O 12 -SiO 2 system to YAlO 3 -SiO 2 (close to the Y-rich part) and Al 2 O 3 -SiO 2 (close to the Al-rich part) during heating at 1473 K. smaller than 3 μm. After isothermal heating at 1473 K, a gray phase with higher yttrium content precipitated from the original inclusions in both steels #1 and #2, resulting in the separation of inclusions to Y-rich and Al-rich parts as illustrated in Figure 4 . Moreover, the shape of inclusions also changed from spherical to irregular. The comparison of the size distribution of inclusions in as-cast and heated steels showed that more inclusions with larger size were present after heating (see Figure  12 ), and the number density of inclusions also slightly increased (see Figure 13 ). This may indicate an increase in the total volume of inclusions in steel after heat treatment.
Many studies on the phase equilibrium, phase separation, and crystallization behavior of the Al2O3-Y2O3-SiO2 system under long heat-treatment conditions (from room temperature to 1350 °C) have been reported [27] [28] [29] [30] [31] [32] . The phase separation as an early stage of crystallization was observed during heat treatment of the glassy system [27] and the two phases of Y2O3-SiO2 and Al2O3-SiO2 precipitated from the Al2O3-Y2O3-SiO2 system due to the diffusion of Al 3+ and O 2− during heat treatment [29, 32] .
There are three kinds of compounds for yttrium aluminum double oxides: Y3Al5O12 (yttrium aluminum garnet, YAG), YAlO3 (yttrium aluminum perovskite, YAP), and Y4Al2O9 (yttrium aluminum monoclinic, YAM) [33, 34] . As illustrated in Figure 8 , the Y/Al ratio of the inclusions changed from 0.6 to around 1.0 (Y-rich part, gray phase) and 0.3 (Al-rich part, black phase) after heating. It is speculated that the yttrium-based oxide inclusions probably transformed from the Y3Al5O12-SiO2 system to YAlO3-SiO2 (close to the Y-rich part) and Al2O3-SiO2 (close to the Al-rich part) during heating at 1473 K. 
Interfacial Reaction between Inclusions and Steel Matrix
Solid-state interfacial reaction between some oxide inclusions and steel matrix could occur during heat treatment. This has been confirmed in 18 mass% Cr-8 mass% Ni stainless steel [14] [15] [16] [17] [18] . In this study, the same transformation was also observed in both steels #1 and #2. As shown in Figures 9b and 10b, decrease in SiO 2 content and increase in Cr 2 O 3 content in inclusions were detected in the residual black phase of inclusions after heating. An interfacial reaction between the oxide inclusions and chromium element in steel matrix was considered to have happened and resulted in the transformation of MnO-SiO 2 type to MnO-Cr 2 O 3 type.
Yttrium, as a reactive element, has stronger thermodynamic affinity with oxygen than Al element does [35, 36] . With decreasing temperature, the solubility of yttrium in steel matrix would decrease [37] . Therefore, it is possible that the yttrium element in solid steel diffused to the surface of inclusions and an interfacial reaction occurred during heating, as illustrated in Figure 14 . The possible reaction is shown in equation (1) . However, due to the lack of thermodynamic data of the Y-Al-Fe-O system at 1473 K, the related data in liquid iron were assumed to be applicable at this temperature, as presented in Equation ( 2) [38, 39] . The thermodynamic calculations were done based on the following assumptions: (1) the activity coefficient of Y and Al in liquid iron was unity due to their low contents and (2) Y 2 O 3 and Al 2 O 3 were considered to be pure substances. 
The Gibbs energy changes of this reaction at 1473 K were −179,535 J/mol and −185,400 J/mol in steels #1 and #2, respectively. These indicated that the interfacial reaction between yttrium-based oxide inclusions and steel matrix could occur during holding at 1473 K. An interfacial reaction product layer would form on the surface of inclusions during heating, and it could cause an increase in the size of inclusions. As shown in Figure 12 , more inclusions with larger size were found in both steels after heating, which was consistent with the theoretical analysis.
Conclusions
The evolution of rare earth oxide inclusions during isothermal heating at 1473 K was investigated in two stainless steels with different yttrium contents. The following conclusions were made.
1.
Yttrium-based oxide inclusions in both as-cast steels were characterized. Before heating, all the inclusions were spherical, and the size of them was less than 3 µm. Homogeneous Al-Y-Si(-Mn-Cr) oxide inclusions were observed in both as-cast steels. Meanwhile, some heterogeneous inclusions with double phases were also found in steel #2 with more yttrium addition.
2.
After heat treatment, a gray phase with higher Y 2 O 3 content precipitated from the original oxide inclusions, and all the inclusions transformed to heterogeneous ones with Y-rich (gray phase) and Al-rich (black phase) parts in both heated steels. The average size and number density of inclusions increased slightly, and the shape of inclusions changed from spherical to irregular. 3.
The transformation mechanism of yttrium-based oxide inclusions during isothermal heating was proposed to be the mutual effects of (i) internal transformation of oxide inclusions owing to the crystallization of glassy oxide and (ii) interfacial reaction between the inclusions and steel matrix.
